We compared conventional charcoal separation of antibody-bound and free antigen with a novel method involving magnetizable particles containing charcoal. The magnetizable charcoal separation method was as effective as the conventional method for a wide range of radioimmunoassays, including those for several steroids and small polypeptide hormones. In a detailed comparison of conventional vs. magnetizable charcoal for radioimmunoassay of aldosterone, the magnetizable charcoal had several advantages: it did not require prior coating with dextran or protein, varied less with time and temperature, required no centrifugation, and took less time for separation. The correlation of results obtained with magnetizable and conventional charcoal separation was excellent (n = 89, r = 0.98, p < 0.00 1), and the coefficient of variation for the separation with magnetizable charcoal was 0.5%.
Evaluationand Application of Magnetizable Charcoal for Separation in Radioimmunoassays
E. A. S. Al-Dujaili, G. C. Forrest,' C. R. W. Edwards, and J. Landon
We compared conventional charcoal separation of antibody-bound and free antigen with a novel method involving magnetizable particles containing charcoal. The magnetizable charcoal separation method was as effective as the conventional method for a wide range of radioimmunoassays, including those for several steroids and small polypeptide hormones. In a detailed comparison of conventional vs. magnetizable charcoal for radioimmunoassay of aldosterone, the magnetizable charcoal had several advantages: it did not require prior coating with dextran or protein, varied less with time and temperature, required no centrifugation, and took less time for separation. The correlation of results obtained with magnetizable and conventional charcoal separation was excellent (n = 89, r = 0.98, p < 0.00 1), and the coefficient of variation for the separation with magnetizable charcoal was 0.5%.
Charcoal has been widely used as a means of separating the antibody-bound and free fractions in radioimmunoassays. It was first used by Miller (1) for the assay of vitamin B12 and then by Herbert and his colleagues in a radioimmunoassay of insulin (2, 3) . Several authors (4-7) have suggested that the charcoal separation method is easy, rapid, and inexpensive; enables complete separation; has a high capacity for free antigen with minimum nonspecific adsorption, and is applicable to a wide variety of assays. Nevertheless, it has some disadvantages, including its time dependence and the need for centrifugation and prior coating with dextran or protein (8, 9)-although some authors have obtained satisfactory separation by using uncoated charcoal (10) (11) (12) .
Charcoal and magnetizable ferric oxide can be trapped in a polyacrylamide gel to form magnetizable charcoal (13) that is used for a radioimmunoassay of digoxin and enables separation with the use of a magnet in place of centrifugation. This method can also be used in the automation of certain radioimmunoassays. We describe the application of magnetizable charcoal as a separation system for a variety of radioimmunoassays; radioimmunoassay for aldosterone was studied in detail. Highly specific anti-aldosterone serum was produced as previously described (14) . Antisera to corticosterone and deoxycorticosterone Tubes containing ordinary charcoal were centrifuged at 4#{176}C
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Reagents
for 30 mm. Tubes containing magnetizable charcoal were left at room temperature for 10 mm then placed on a magnet for 3 mm. The supernate was aspirated and the radioactivity in the precipitate counted.
Effect of temperature and time:
We incubated the 1251-labeled aldosterone in phosphate/citrate buffer and steroid-free serum at 4 #{176}C overnight with and without the addition of 400 sL of aldosterone antiserum (1:300 000 dilution). After adding 5 mg of magnetizable charcoal or dextran-coated charcoal, we divided the tubes into three groups, incubating one group at 4#{176}C, another at room temperature, and the third at 37 #{176}C. After 1,2.5,5, 10, 15,20,25,30,60,90, and 120 mm, the tubes containing the magnetizable charcoal were placed on a magnet for 3 mm and those with ordinary charcoal were centrifuged for 3 mm, both at room temperature; we then aspirated the supernate and counted the precipitate.
Effect of dextran and protein coating:
We incubated the anti-aldosterone serum (as in no. 2) with '25I-labeled aldosterone overnight at 4 #{176}C; bound and free antibodies were separated either with magnetizable charcoal at room temperature or with ordinary charcoal at 4 #{176}C. Each tube contained 0, 30, 60, or 240 rL of steroid-free serum per milliliter of final solution, with or without the addition of 0.5 mL of dextran T70 solution (1 g/L). The procedure was then completed as described in no. 1 above.
Completeness of separation:
To show the effectiveness of separation by magnetizable charcoal, we separated the antibody-bound and free fractions either at room temperature or at 37 #{176}C, using magnetizable charcoal with or without the addition of a second precipitating anti-sheep ganim-globulin and 100-fold diluted normal sheep carrier serum.
Precision:
To determine precision of the method, we analyzed 40 assay tubes containing fixed amounts of 1251 labeled aldosterone (10 000 cpm) in buffer and steroid-free serum by separating with each type of charcoal. The adsorbed radioactivity was counted and the mean, standard deviation, and coefficient of variation were calculated.
Comparability of results obtained with magnetizable and conventional charcoal separation:
We assayed 89 serum samples from normal subjects and patients with abnormal aldosterone secretion twice by an identical direct method (14) , using magnetizable charcoal to separate the antibody-bound and free fractions for one set and the conventional dextrancoated charcoal for the other. We used linear regression analysis to compare the results obtained from both assays.
Studies with Other Antigens
Two identical standard curves were set up for each of the antigens listed in Table 1 . We separated the antibody-bound and free fractions by both magnetizable and conventional charcoal, as follows: (a) 5 mg of magnetizable charcoal suspended in 0.5 mL of phosphate buffer (pH 7.4) was added to the standards, the tubes were incubated at room temperature for 10 min and then placed on the ferrite magnet for 3 mm; (b) 0.5 mL of dextran-coated charcoal suspension was added, and the tubes were centrifuged at 4#{176}C for 30 min at 3000 rpm. For assays with gamma-labeled ligands the supernate was aspirated and the precipitate counted in an MR 252 automatic gamma counter. For assays based on tritiated tracers the supernate was transferred into polypropylene scintillation vials to which 6 mL of liquid scintillant had been added; the vials were capped and shaken for 5 mm and then counted in a Packard 3330 automatic liquid scintillation spectrometer.
Results
Quantity of Charcoal
The minimum amount of magnetizable charcoal required to produce 100% adsorption of labeled aldosterone was 2 mg, whereas 1.5 mg was sufficient for nonmagnetizable charcoal. To ensure complete separation, we used 5 mg of magnetizable or ordinary charcoal for subsequent studies.
Effect of Temperature and Time Figure 1 shows that the conventional charcoal separation method was temperature dependent, with a progressive increase in adsorbed radioactivity with time, especially at room temperature and above. Separation was satisfactory at 4 #{176}C. With magnetizable charcoal, the difference between the percentage of radioactivity adsorbed at room temperature and at 4 #{176}C was very small; separation at either temperature was as good as the conventional method at 4 #{176}C.
Effect of Dextran and Protein Coating
Coating ordinary charcoal with dextran T70 and adding various amounts of serum significantly affected the percentage of radioactivity adsorbed ( Figure 2 ). In contrast, precoating the magnetizable charcoal with dextran T70 and adding serum made no marked difference.
Completeness of Separation
At room temperature ( Figure 3 ) magnetizable charcoal can separate the antibody-bound and free fractions virtually completely, as shown by the lack of effect of the second antibody. This experiment confirmed that, at 37 #{176}C, the antigen-antibody complex was dissociating to give an increased percentage of adsorbed radioactivity.
Precision
The coefficient of variation was 0.5% with magnetizable charcoal and 0.8% with ordinary charcoal. This difference in precision was significant at p = 0.05 but not at p = 0.01.
Comparability of Aldosterone Radioimmunoassay Results
Correlation was excellent (y = 1.13x -12.2, r = 0.98, p < 0.001) when the results of the assay with magnetizable charcoal (y) were compared to those obtained with the conventional charcoal separation method (x). The two standard curves for aldosterone were similar.
Discussion
The major requirements for a separation technique and the problems associated with each particular method have been studied in detail by many workers (7, 16, 17) . Conventional charcoal separation has been found to satisfy many of these requirements and has been widely used, especially for steroid radioimmunoassays (4-6, 17, 18) . Herbert and his colleagues (3) recommend coating the charcoal with dextran prior to use to facilitate separation, and serum proteins have been used for coating for the same purpose (2, 3, 8, 9, 11) . However, Binoux and Odell (12) , in agreement with other investigators (10, 16) , found no value in coating the charcoal with either dextran or protein.
Coating charcoal with dextran T70 significantly improved separation in an aldosterone radioimmunoassay, as did the presence of serum proteins. In contrast, neither dextran T70 nor proteins influenced the separation when magnetizable charcoal was used-possibly because the charcoal is entrapped room temperature; 0-0, 37 #{176}C) or with second antibody (#{149}-, room temperature; 0---0, 37 #{176}C) in the polyacrylamide gel where it is not able to adsorb large molecules.
Compared with conventional charcoal separation, at least as applied to the aldosterone assay, magnetizable charcoal was less tedious and less dependent on time and temperature and, in particular, avoided the need for centrifugation. However, the optimum conditions for both conventional and magnetizable charcoal separation must be determined for each individual assay.
Both separation methods proved applicable to a wide range of steroid and other radioimmunoassays and resulted in similar standard curves (Table 1) . In additional studies, separation with magnetizable charcoal has proved effective for the assay of thyroxine, triiodothyronine, folate, digoxin, and methotrexate. The time we saved in avoiding centrifugation was a major advantage. Finally, the use of magnetizable charcoal provides an attractive alternative in a modified continuous-flow automated radioimmunoassay system
(19).
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